Irregular neuronal migration plays a causal role in mental illnesses such as schizophrenia and autism, but the very nature of the migration deficits necessary to evoke adult behavioral changes is unknown. Here, we used in utero electroporation (IUE) in rats to induce a locally restricted, cortical migration deficit by knockdown of disabled-1 (Dab1), an intracellular converging point of the reelin pathway. After birth, selection of successfully electroporated rats by detection of in vivo bioluminescence of a simultaneously electroporated luciferase gene correlated to and was thus predictive to the number of electroporated neurons in postmortem histochemistry at 6 months of age. Rat neurons silenced for Dab1 did not migrate properly and their number surprisingly decreased after E22. Behavioral tests at adult ages (P180) revealed increased sensitivity to amphetamine as well as decreased habituation, but no deficits in memory tasks or motor functions. The data suggest that even subtle migration deficits involving only ten-thousands of cortical neurons during neurodevelopment can lead to lasting behavioral and neuronal changes into adulthood in some very specific behavioral domains. On the other hand, the lack of effects on various memoryrelated tasks may indicate resilience and plasticity of cognitive functions critical for survival under these specific conditions.
Introduction
For major mental illnesses, such as schizophrenia and autism, neurodevelopmental abnormalities, including aberrant migration and mispositioning of neurons during corticogenesis, are discussed as possible causal variables (Murray and Lewis 1987; Weinberger 1995) . For example, anatomical correlates of neurodevelopmental deficits in schizophrenia have been suggested to include abnormalities in number, positioning and function of interneurons, white matter abnormalities, and many others (reviewed in Lewis and Levitt 2002; Kochunov and Hong 2014) .
The molecular and cellular mechanisms for potential neurodevelopmental abnormalities are only beginning to be elucidated.
Several of those genes mutant in families of patients with schizophrenia, for example, Disrupted-in-schizophrenia 1 (DISC1) and neuregulin 1 (NRG1), have been shown to play a role in neurodevelopment when reverse-engineered in mice (Kamiya et al. 2005; Seshadri et al. 2010 ). An established, important pathway for neurodevelopment and corticogenesis is the reelin pathway (D'Arcangelo et al. 1995; Rice et al. 1998) . Reduced reelin has been consistently seen in schizophrenia (Impagnatiello et al. 1998) . Reelin signaling via the ApoER2 and VLDL receptors converges on the signaling protein, disabled-1 (Dab1; (Trommsdorff et al. 1999)) , to provide signals for neuronal migration along glia fibers (Rakic 1971 (Rakic , 1972 (Rakic , 1981 Frotscher 1997; Cooper 2008) . In humans, reelin mutations lead to microcephalus and premature death (Hong et al. 2000) , but mouse mutants deficient for reelin or Dab1, termed reeler or scrambler mice, respectively, are viable and both display an inverted cortical layering (Hamburgh 1963; Caviness and Sidman 1973; D'Arcangelo et al. 1995; Sweet et al. 1996; Tissir and Goffinet 2003) . While profound ataxia is a dominant phenotype in mice deficient of reelin/Dab1 (Falconer 1951; Hamburgh 1963; Sweet et al. 1996) , the use of appropriate controls and heterozygous mutants has also revealed subtle behavioral phenotypes, including hyperactivity and perseverative behaviors, consistent with abnormalities in the dopamine system (Jacquelin et al. 2012; Michetti et al. 2014) . A critical role of reelin signaling in the development of dopaminergic nuclei has been demonstrated (Kang et al. 2010; Bodea et al. 2014) and reelin is involved in dopamine release in a Snap25-dependent manner (Hellwig et al. 2011) .
Over the last decade, in utero electroporation (IUE) has become a popular technique to study neurodevelopment (Tabata and Nakajima 2001; Kamiya et al. 2005; Tsai et al. 2005; YoungPearse et al. 2007; Sapir et al. 2008) . Using IUE, it is possible to genetically modify selected cells in specified regions with one or more genes and to avoid cellular compensatory mechanisms of gene dose changes, which is sometimes found in genetically engineered mice (Corbo et al. 2002) . So far, IUE has not been extensively used for experiments with adult rats, for example, for investigating cellular pathology in relation to behavioral changes.
The aim of the present study was to test whether the introduction of a subtle migratory deficit by suppressing a key molecule in radial cortical migration, Dab1, in a relatively limited number of neurons by IUE would lead to long-term behavioral consequences in the adult. Subtle neurodevelopmental deficits of this kind have not been experimentally linked to behavioral processes. A full reelin or Dab1 knockout mouse has been reported to lead to changes in the dopaminergic system (Michetti et al. 2014) , as well as to deficits in attention, learning, and memory (Bliss and Errington 1977; Lalonde et al. 2004; Jacquelin et al. 2012) . Accordingly, we chose to examine adult in utero electroporated rats for amphetamine sensitivity and subjected them to a wide range of tests of memory and learning, including tests of novel object preference, novel place preference, memory for temporal order, place habituation, T-maze alternation, and working memory.
Materials and Methods

Cell Culture and Western Blot
Human neuroblastoma NLF (NLF; Children's Hospital of Philadelphia, Philadelphia, PA, USA), cultured in RPMI-1640 medium supplemented with 10% FBS, penicillin/streptomycin, L-glutamine, was transfected using Metafectene Reagent (Biontex, Martinsried, Germany) with either pCAGGS-Dab1-GFP (overexpression vector) + control shRNA plasmid, pCAGGS-Dab1-GFP + Dab1 shRNA plasmid ( pENTR-U6), or pCAGGS-AFP (transfections control). After 24 h cells were lysed with VRL buffer (50 mM Hepes, 0.25 M sucrose, 5 mM EDTA, 0.1 M potassium acetate, pH 7.5), supplemented with 0.1% Triton X100, protease inhibitor, and DNase I.
Samples, equalized for protein concentration and mixed with SDS loading buffer, were run on a 10% SDS-Gel, before blotting on nitrocellulose membrane. Western blot using rabbit anti-Dab1 polyclonal antibody (EMD Millipore; AB5840, 1:2000) and mouse anti-α-Tubulin monoclonal antibody (Sigma-Aldrich, T9026, 1:10 000) as primary antibodies, as well as IRDye ® 800 goat antirabbit and IRDye ® 680 goat anti-mouse antibody (both LI-COR GmbH, 1:15 000) as secondary antibodies, were analyzed by ODYSSEY ® CLx imager (LI-COR GmbH, Germany) and densitometry was analyzed by LI-COR software.
Animals
Thirty pregnant Sprague-Dawley rats purchased from Janvier Labs (France; http://www.janvier-labs.com/rodent-researchmodels-services/research-models/per-species/outbred-rats/ product/sprague-dawley.html, last accessed 28 February 2016) were used for IUE at E16, with E1 considered to be the day after conception. The electroporated male outcome was used for behavioral testing (control group = 12; Dab1 shRNA group = 15). Animals were housed in groups of 2-4 animals, with a normal lightdark rhythm of 12 h and were fed ad libitum. All animal experiments were in accordance with National and European legislation and authorized by the responsible Landesministerium für Natur, Umwelt und Verbraucherschutz, North Rhine Westphalia, Germany.
In Utero Electroporation
The electroporations were performed over 3 consecutive weeks with 5 animals per day, 2 days per week. The pregnant rats were anesthetized at E16 with isoflurane and IUE was performed as previously described (Walantus et al. 2007; Rice et al. 2010) . Shortly, the uterus horns were exposed and DNA was injected through the uterus wall into one of the lateral ventricles of the embryos with a thin glass capillary. The unilateral electroporation into progenitor cells of the medial-dorsal ventricular zone was performed with 5 pulses of 55 V using a Square wave pulse electroporator (CUY21SC; Napa Gene Co., Ltd, Japan). For Dab1 silencing, a Dab1 shRNA plasmid ( pENTR-U6, 1.5 µg/µL; provided by Tracy L. Young-Pearse (Young-Pearse et al. 2007 )), with the target sequence "gcatcaatgcgagctcatggag" (targeting exon 13 of transcript variant X1, XM_008763854.1), was injected into one of the lateral ventricles. As a control, a scrambled shRNA (1.5 µg/µL, kind gift from Tracy L. Young-Pearse) was used. For evaluating the success of electroporation, a luciferase vector (pCAX-Luciferase; 0.5 µg/µL) was co-injected for in vivo imaging as well as a GFP-containing plasmid (pCAGGS-AFP; 0.5 µg/µL) for histological analysis.
Live Imaging
Electroporation success was examined by in vivo imaging of P7 rat pups from the electroporation litters (Vomund et al. 2013) . The bioluminescence that ensues after metabolism of intraperitoneally injected D-Luciferin through co-electroporated Luciferase was detected in an IVIS Live Imaging System (PerkinElmer). The emitted light from this reaction allows a calculation of an approximate positioning of the targeted area via 3D illustration. Correlation analyses of live imaging signal with histological findings were done using Spearman's rank correlation coefficient by GraphPad Prism software.
Behavioral Tests
All male rats showing bioluminescence signal at P7 (Dab1 shRNA = 15, control shRNA = 12) were subjected to behavioral tests, starting at an age of around 3 months until the age of around 6 months, for simplicity in the following just referred to as P90 and P180, respectively.
The choice of behavioral tests was based partly on the findings with the Dab1 knockout mouse indicating changes in the dopaminergic system (Michetti et al. 2014 ) and deficits in attention, learning, and memory (Jacquelin et al. 2012) , as well as on behavioral phenotypes reported in mice with migrational deficits induced by IUE (amphetamine supersensitivity; Niwa et al. 2010 ). The cognitive tests employed sample a wide range of subtypes of memory processes, including memory for objects, place, and temporal order, attention, and working memory in the T-maze and behavioral habituation to place.
Tests for recognition memory of objects, places, and temporal order were carried out based on the description by Barker et al. (2007) . Each of these memory subtypes involve different neural forebrain mechanisms, which would be expected to be influenced by migration deficits in cortical regions (de Souza Silva et al. 2015) . The studies were carried out in an acrylic open-field box with dimensions of 40 × 40 × 30 cm (w/d/h) within a sound and light isolated chamber. The behavior was monitored by a video camera and analyzed by EthoVision Software (Noldus Information Technology). Time at the novel or known objects, their visiting frequency and the distance moved by the animals was recorded.
Habituation First, at P90, the animals were habituated to the open field by allowing them to freely explore it for 15 min on 2 consecutive days. In addition to locomotor behavior (distance traveled), the duration of rearing behavior was recorded.
Object-Recognition Task
The object-recognition test is based on the finding that rodents prefer to explore a novel object more than a familiar old one, indicating that they can recognize (remember) the old object (Ennaceur and Delacour 1988). Two identical objects (1.5-L plastic flasks with a height of 30 cm and filled with either clear or red colored liquid) were placed in defined corners of the box and the animal was allowed to explore them for 10 min (sample trial). After an intertrial interval (ITI) of 1 h, one object was exchanged by another different flask, and the animal's exploration was recorded for 10 min (test trial).
Object Place-Recognition Task Rodents explore an object that has been displaced more than one left at the same location, indicating that they recognize the displacement and, thus, show memory for place (Ennaceur and Aggleton 1997) . As in the object-recognition task, 2 identical objects were presented during the sample trial. During the test trial, one of these objects was relocated to another corner of the box.
Temporal-Order Memory Test
One week later, the animals were studied in a temporal-order memory test (Mitchell and Laiacona 1998) . The rats underwent 3 trials (2 sample trials and 1 test trial). In the first sample trial, 2 identical objects were placed in 2 corners of the box; during the second trial, both flasks were exchanged by 2 different, but identical flasks. In the test phase, one object of sample 1 (old familiar object) and one object of sample 2 (recent familiar object) was presented. Again, the duration of the trials was 10 min with 1 h ITIs. Rats explore an object encountered previously in sample 1 more than a recently presented object from sample 2, demonstrating memory for recency (Mitchell and Laiacona 1998) .
Re-trial Open-Field Exploration
At the age of approximately 5 months (P150), the animals were tested again for 15 min in the open field. For this purpose, the surface of 2 walls was changed by sticking a structured tissue onto the walls and placing an object (1.5 l plastic flasks with a height of 30 cm and filled red colored liquid) into the center of the Open Field. Using EthoVision Software (XT8), we assessed amount of locomotion, the length of time at the walls and number of direction changes during locomotion.
T-Maze
At P150, rats were also tested for spontaneous alternation behavior on 2 tasks using a T-Maze, with a 70-cm stem and 50-cm arms, all enclosed by walls with the height of 30 cm, and made of wood with dark brown coloring.
Continuous Spontaneous Alternation Behavior
The animals were placed into the starting arm of the maze and given 5 min to explore the maze. Triplets of visited arms (alternating arm entries, where all 3 arms were visited before entering one arm that was visited before) were recorded as a measure of exploratory behavior and working memory (Hughes 2004 ).
Two-Trial Alternation Behavior
One or 2 days after the continuous spontaneous alternation behavior (cSAB), the rats received a session of two-trial alternation behavior (2tSAB) with 6 trials and an ITI of 10 min, to study spatial working memory and responsiveness to novelty; for a review of this task and its interpretation see (Lalonde 2002; Hughes 2004 ). On each trial, the rats performed 2 runs in the T-maze with an inter-run interval (IRI) of 15 s, whereby the first run was forced by blocking one of the goal arms. The second run was a freechoice run where the animal could visit either the previously visited arm or the blocked one. The numbers of arm entries and time to enter a goal arm were measured.
Amphetamine Hypersensitivity Test
An enhanced behavioral response to an amphetamine challenge indicates supersensitivity of dopamine receptors (Seeman 2011) . At P180, the animals were tested on 2 consecutive days for amphetamine hypersensitivity. On the first day, all animals received an intraperitoneal injection of phosphate-buffered saline (PBS; 1 mL/kg) directly before they were allowed to explore an empty open field (same as used for the memory tests) for 15 min. On the next day, a low dose of -amphetamine (0.5 µg/g; SigmaAldrich, dissolved in PBS) was injected (1 mL/kg) before the 15 min trial. Behavior was recorded by a video camera situated centered above the box. Locomotion (total distance moved) and rearing (duration of rearing up on hind legs) were detected and analyzed using the EthoVision Software.
Staining and Microscopy
Animals were sacrificed with an overdose of isoflurane, except embryonic rats which were put on ice, and intracardially perfused with PBS. Brains were fixed in 4% paraformaldehyde. After cryo protection with 30% sucrose solution, brains were shock frozen in isopentane and stored at −80°C. A Cryostat (Leica 1900) was used to cut 25-µm sections.
For fluorescence microscopy, the brain sections were defrosted at 37°C and washed with PBS before dehydration in 70% Ethanol and 10 min incubation with 0.5% Sudan Black B solution (in 70% Ethanol). After washing in 70% Ethanol, the slices were rehydrated in PBS and mounted with Prolong Gold + Dapi. For antibody staining, after defrosting and washing, the sections were blocked with 10% normal serum in antibody diluent (Dako) for one hour before incubation with the first antibody overnight. Antibodies used were rat anti-c-tip 2 (1:200, abcam, ab18465), rabbit anti-CDP (M-222) (Cux1; 1:200, Santa Cruz, sc-13024), and mouse anti-GFP (1:1000, Roche). For layer marker stainings, the sections had to be pretreated by cocking in "Target Retrieval Solution" (Dako, S1699) for 20 min. As secondary antibodies anti-rabbit Alexa Fluor ® 594
and anti-mouse Alexa Fluor ® 488 and anti-rat Alexa Fluor ® 594
were incubated for 2-3 h. After washing, the sections were stained with Sudan black and mounted with Prolong Gold + Dapi. To create fluorescence microscopy pictures a Zeiss Apotome II was used. Cell countings of GFP expressing/IUE targeted cells were done manually using ZEN 2012 software.
Results
Efficiency of Dab1 shRNA Plasmid
To validate the effects of Dab1 shRNA, NLF neuroblastoma cells were transiently transfected with a Dab1 overexpression vector and co-transfected with either control shRNA or the Dab1 shRNA plasmid. Cell lysates analyzed by western blot revealed a clear downregulation of Dab1 expression in cells co-electroporated with the Dab1 shRNA (Fig. 1B) . Densitometric evaluation with LI-COR software resulted in 61% reduction of Dab1 signal intensity in the cells co-transfected with Dab1 shRNA.
Furthermore, analysis of brain sections of in utero Dab1 shRNA-transfected rat brain revealed the expected migrational deficits ( Figs 1A and 2) . While, in P180-day-old control-treated rats, GFP-positive cells were spread throughout the cortex layers IV, V, and VI ( Fig. 2A,C) , neurons in the Dab1 shRNA-treated brains were basically found just above the white matter, with only some cells reaching layer V and VI (Fig. 2B,D) . In Figure 1A , the difference in migration between Dab1 shRNA-and control shRNA-targeted cells is displayed in brain sections of rats at E22.
Identification of Successful In Utero Electroporation by Bioluminescence Live Imaging and Histological Findings
To select only those rats that were successfully in utero electroporated, in individual pups bioluminescence after luciferin injection was screened at 1 week after birth (P7) to detect co-transfected luciferase. The litters of 30 mother rats, either electroporated with Dab1 shRNA or control (scrambled) shRNA, were analyzed. From 77 rat pups electroporated with Dab1 shRNA, 22 (29%) individuals showed a signal elicited by luciferin, while the rest did not show any bioluminescence; for the control group, 26 out of 78 (33%) pups were positive. Only bioluminescence-positive animals were further analyzed. Later behavioral testing was performed exclusively with males. Accordingly, a group of 15 Dab1 shRNA rats and one group with 12 control shRNA were formed. Pathological findings after dissection of the brain at the end of all experiments (P180) revealed that 7 animals from the Dab1 shRNA group and 1 control rat showed abnormal formation of the cerebellum. The datasets of these animals were excluded from all prior experiments, for avoiding possible confounding effects of a dysplastic cerebellum on behavioral readouts.
As one major result of our imaging study using co-transfected luciferase and green fluorescent protein (GFP) to determine IUE efficiency, P7 luciferase signal strength was positively correlated (control: r = 0.6818, P = 0.0251; Dab1 shRNA: r = 0.9759, P= 0.0003; Spearman's rho) with the number of GFP-positive cells found in postmortem histological analysis in 6-month-old rats (Fig. 3A) . This means that a high fluorescence signal in the young living pup predicts a large number of targeted cells also in the adult animal. Of note, none of the Dab1 shRNA animals exhibited a number of GFP-positive cells higher than 20 000, and, accordingly, at P7 no luciferase signal above 3.11 × 10 +06 photon counts was detected.
Migration Deficits and Neurodegeneration of Dab1
To investigate that the difference in targeted cells between controls and Dab1 shRNA animals at the age of 6 months ( Fig. 3B ; Mann-Whitney U-test: P = 0.0202) was not an effect of electroporation variability, histological analysis of electroporated brains before P7 (at E22 and P1) was performed. As shown in Figure 3B , even though an approximately equal number of cells were GFP-positive at E22, 2 days later, at P1, there were significantly fewer Dab1 shRNA cells GFP-positive compared with controls (P = 0.013; t-test), indicating that between E22 and P1 degeneration of Dab1 expressing cells had occurred. Fluorescence microscopy showed that most cortical areas targeted by IUE were located in the cortex between Bregma −0.5 mm and Bregma −4.5 mm (± 2 mm). Layer marker staining's with Cux1 and c-tip2 antibodies (Fig. 2) revealed that, in the control brains, the targeted cells had migrated mainly to layers V-VI (c-tip2 positive), with some cells reaching layer IV (Cux1 positive). In contrast, most Dab1 shRNA-targeted neurons stayed underneath the c-tip2-stained layer VI, and here, Cux1-positive cells, which refer to layer II/III and IV, were found ectopically in layers V and VI, as well as in the area with the GFP-positive cells just above the white matter (white arrows and triangles in Fig. 2F ). This abnormal migration could be documented for 4 of the Dab1 shRNA in utero electroporated rats where a distinct area of GFP-positive cells could be identified in postmortem brain histology (P180).
Whereas in all control shRNA brains, neuronal GFP-fluorescing projections could be detected, reaching from the targeted area to the hippocampus and the thalamic formation, no such projections from GFP-positive cells were seen in the Dab1 shRNA animals ( Supplementary Fig. 2) , indicating that the effects of Dab1 shRNA electroporation had also consequences for remote connectivity, extending beyond the locally electroporated area.
Amphetamine Supersensitivity Two-way ANOVA was used to analyze the distance moved (main effect for treatment F 1,16 = 34.468; P = 0.0001) and duration of rearing (main effect for treatment F 1,16 = 10.727; P = 0.005). These results indicate a higher behavioral response of the Dab1 shRNA rats to a low dose of amphetamine that was not sufficient to elicit a motor response in the control group. The Dab1 shRNA group (n = 8), but not the control group (n = 11), showed more locomotion ( Fig. 4H , P = 0.004; post hoc paired t-test) and an increase in duration of rearing ( Fig. 4I , P = 0.04; paired t-test) after the amphetamine injection compared with the saline injection given on the previous day.
Correlation of behavior with the localization (Bregma position) of the Dab1 shRNA-transfected area (Fig. 5D,E) for the amphetamine response revealed a higher locomotion response to more posterior transfected regions (Spearman r = −0.8857, P = 0.0333). Bregma position was defined by highest amount of counted GFPpositive cells in the postmortem brain. Due to the occurring cell death between E22 and P1 (Fig. 3B ) in Dab1 shRNA-transfected cells, a correlation of the number of transfected cells (GFP-positive at P180 or bioluminescence at P7) with behavioral variables did not yield significant results.
Object Recognition, Object Place Recognition, and Temporal Order Memory The 3-month-old IUE rats were tested in memory tasks, including object recognition, object place recognition, and temporal-order memory. During the performance of these tests, time at the novel or known objects, their visiting frequency, and the distance moved by the animals were recorded. The results indicated that the Dab1 shRNA animals and controls performed successfully on all 3 tasks and that there were no group differences on any task (data not shown). Rats from the Dab1 shRNA group, as well as control group animals also displayed comparable within-trial habituation to the open-field testing box during an initial habituation test, as shown by comparison of total distance traveled during the 10-min trials on 2 consecutive days (Fig. 4A) .
Activity Level and Behavioral Habituation
Although there was no significant difference between the groups in object recognition itself, there was a difference in total distance moved (ANOVA: main effect on trial F 1,16 = 8.122, P = 0.012; paired t-test for controls comparing the performance between the 2 trials: P = 0.006). While the control group displayed significantly less overall locomotion in the second (test) trial, the Dab1 shRNA animals traversed a similar distance in the test trial as in the sample trial. Since both groups exhibited comparable amounts of locomotion during the sample trial, the difference in overall locomotion during the test trial can be interpreted in terms of overall less behavioral habituation by the Dab1 shRNA group (Fig. 4B) .
Two months later, they were again exposed to an open field in which the surface of 2 walls and wall cues were changed, and a single object was placed in the middle of the box. The total distance moved during the 2 trials on consecutive days revealed no evidence of habituation in either group (Fig. 4C) . However, only the control animals spent significantly less time at the walls (ANOVA: for trial F 1,16 = 5.648, P = 0.030; t-test, trial 1 vs. trial 2: P = 0.008), again, indicative of less habituation to the environment (Fig. 4D) . Also, the control shRNA animals, unlike the Dab1 shRNA rats, exhibited significantly fewer changes in direction on trial 2 compared with trial 1 (ANOVA main effect on trial × genotype F 1,15 = 4.976, P = 0.041; t-test, controls, trial 1 vs. trial 2: P = 0.006) (Fig. 4E ). This result again may suggest less behavioral habituation in the Dab1 shRNA animals.
There were no indications for behavioral asymmetries in the Dab1 shRNA animals. Analysis of the side of the vibrissae employed in exploring the walls of the open field showed that there was no significant difference in vibrissal thigmotaxis (scanning of the walls) between the side of the face situated ipsilateral and contralateral to the electroporated hemisphere.
Bregma position (antero-posterior) of the main Dab1 shRNAtransfected area seemed to play a role in the re-trial open-field exploration. The distance moved during this trial correlated with the Bregma position of transfected are in the Dab1 shRNA animals on the second exploration day ( Fig. 5C ; Spearman r = −0.8857, P = 0.0333), meaning that the more posterior the main transfected area in the brain was, the higher the locomotion of the animal on the second exploration day.
Working Memory in T-maze
Working memory was assessed via 2 T-maze alternation tests. The cSAB test revealed no significant differences between the groups in triplets of visited arms (alternating arm entries before entering one arm that was visited before). In the 2tSAB, both groups performed above chance level (Fig. 4F , control P= 0.002; Dab1 shRNA P= 0.003; t-test) and no significant difference in alternation was observed. The Dab1 shRNA animals took longer than the controls to enter the familiar arm during the free-choice run (Fig. 4G , ANOVA: effect for genotype F 1,15 = 4.928 P = 0.042; t-test P = 0.011), while time to enter the alternating/nonfamiliar arm was similar for both groups. This hesitation could be indicative of conflict in decision-making behavior, but no other comparable behaviors that would support such an interpretation were observed. On the other hand, this hesitation also argues against a hypothesis that the Dab1 shRNA animals would exhibit more "impulsive"-like behaviors.
Discussion
The main findings of this work are that 1) IUE of Dab1 shRNA in rats at E16 led to a migratory deficit and neuronal degeneration; 2) The success of IUE was reliably detected by in vivo bioluminescence screening; 3) The subtle migratory deficit in adults increased sensitivity to amphetamine challenge, suggesting a likely influence on dopamine-related neurotransmission; and 4) Behavioral habituation was impaired, whereas performance on memory tasks assessing working memory, memory for objects, place, and temporal order was intact and apparently resilient to the lesion.
First, neurodevelopmental origins of behavioral disorders such as schizophrenia have long been hypothesized and considerable experimental evidence supports this view, like reduced cortical thickness, enlarged ventricles, and increased neuronal density (Murray and Lewis 1987; Weinberger 1987; Selemon et al. 1995; Selemon and Goldman-Rakic 1999) . As recently reviewed in Schmidt and Mirnics (2015) , several genes/proteins histological analysis in 6-month-old rat brains with bioluminescence signal from Luciferase assay derived from 1-week-old living rat pups (control: Spearman r = 0.6818, P = 0.0251; Dab1 shRNA: r = 0.9759, P = 0.0003; Spearman's rho). Thus, the number of transfected cells in the adult rat brains is predicted by the magnitude of the luciferase signal in the young pups in the control as well as in the Dab1 shRNA group. (B) Graph comparing histological findings of control group animals and Dab1 shRNA rats by displaying the number of GPF-positive neurons at E22 and P1 and old rat brains. At 6 months and at P1, there were significantly fewer GFP-positive cells in Dab1 shRNA rats than in control animals (P1: ★ P = 0.048, t-test; control shRNA n = 3, Dab1 shRNA n = 4; 6 months:
★ P = 0.0202, Mann-Whitney U-test; control shRNA n = 8, Dab1 shRNA n = 11).
On the day before birth, at E22 (control shRNA n = 6, Dab1 shRNA n = 3), the number of targeted cells between Dab1 shRNA animals and controls did not differ significantly.
Error bars displaying SEM values. enter the alternating arm, the control group was significantly faster in entering the familiar arm (ANOVA: effect for genotype F 1,15 = 4.928 P = 0.042; t-test: ★ P = 0.011).
"Amphetamine challenge": Distance moved of control and Dab1 shRNA animals after saline injection on day 1 and amphetamine injection (0.5 µg/mg) on day 2.
(H) Distance moved after amphetamine challenge was significantly longer than after the previous saline challenge only in the Dab1 shRNA group (main effect for treatment F 1,16 = 34.468; P = 0.0001; paired t-test: ★ P = 0.001). (I) Total duration of rearing after low-dose amphetamine was significantly longer than after previous saline challenge only in the Dab1 shRNA group (main effect for treatment F 1,16 = 10.727; P = 0.005; paired t-test: ★ P = 0.01). Error bars displaying SEM values.
connected to neurodevelopment, such as NRG1 and DISC1, are aberrantly expressed in schizophrenic patients. Also, reelin expression has been reported to be reduced in neuropsychiatric disorders, such as schizophrenia and autism (Impagnatiello et al. 1998; Fatemi 2005) . Therefore, we decided to disrupt the reelin signaling pathway by knock down of Dab1 to induce a subtle migratory deficit.
In the present study, we paradigmatically show a clearly characterized migratory deficit in a limited number of 10-50 000 neurons targeted with Dab1 shRNA by IUE which, perinatally, leads also to the disappearance of a significant number of these neurons. Likely, the local disturbance of connectivity, as evidenced by the lack of projections from Dab1 shRNA-targeted cells (Supplementary Fig. 2 ), contributes to this effect. It is tempting to speculate that the in utero induced, local genetic alteration of the reelin/ Dab1 pathway has led to an axonal pathfinding problem very different from that of a complete Dab1 knockout animal with inversion of cortical layering where, on the level of immediate neighboring connections, connectivity is largely conserved.
The migratory deficit of cells targeted with Dab1 shRNA, was very distinct (Fig. 1A; Fig. 2) . Whereas in the control group the targeted, GFP-positive neurons were distributed over cortical layers IV, V, and VI and their projections extended to parts of the limbic system ( Supplementary Fig. 2 ), in the Dab1 shRNA animals, GFPpositive neurons mainly stuck just on top of the white matter and no projections from these cells to the hippocampus or thalamic formation were detected. Missing connections to the thalamus can be a result of failure of the targeted neurons to pass the subplate to reach their destination layers V and VI from where trajectories to the thalamus extend (Crandall and Caviness 1984; De Carlos and O'Leary 1992) .
The bioluminescence strength at P7 as well as the number of GFP-positive cells was distinctly lower in rats electroporated with Dab1 shRNA than in controls (Fig. 3) . Since this is unlikely to be due to the variability of IUE success (no such high variability was seen within the control group), the large difference between the groups suggests that Dab1 shRNA-targeted neurons died during brain development. We narrowed down the time point of their death as being between E22 and P1 (Fig. 3B) . This time point corresponds to a developmental phase where many cells are subject to programmed cell death (PCD). Between the end of prenatal and early postnatal development cells undergo apoptosis especially within zones of proliferation (Blaschke et al. 1996) . Programmed cell death fulfills multiple functions in brain development, occurs during regression of vestigial organs, during morphogenesis of organ anlage as well as during remodeling of tissues (Kuan et al. 2000) . We propose that cells that did not migrate properly due to Dab1 knockdown and were forced to stay in/near the zones of proliferation, respectively, underneath the transient subplate, and then underwent PCD, like the majority of cells in this area (Kostovic and Rakic 1990) . In contrast, control cells correctly reached the cortical plate, which is not as prone to PCD as the proliferative zones (Fig. 2) . Alternatively, Dab1-silenced neurons could undergo neurodegeneration due to malfunction, caused by disturbed neuronal maturation like dentrite outgrowth, synaptic plasticity, and hence building-up cell connectivity, wherein Dab1 protein is also involved (Niu et al. 2004; Beffert et al. 2006) . It is tempting to speculate that birth-associated changes, like stress or the on-switch of certain brain functional circuitry could play a role in the PCD of these neurons.
In studies of similar design, using Dab1 knockdown by IUE but with mice (Olson et al. 2006; Sekine et al. 2011) , no massive perinatal cell death was observed. To explain this discrepancy, we propose differences in target specificity of the shRNA construct used and/or species differences in the functions of mouse and rat Dab1. While mouse Dab1 is spliced into 8 variants, rat Dab1 is only spliced into 2 variants. As reviewed by Gao and Godbout (2013) , different splice variants have different functions and expression patterns during brain development. In most reports using mice, the phosphorylation region of Dab1 is the shRNA target site, and sometimes a combination of several Dab1 shRNAs to different transcripts was used (Olson et al. 2006 ). We used a shRNA targeting nucleotides 2388-2409 of transcript variant X1 of rat Dab1 that has been successfully used in rats by YoungPearse et al. (Young-Pearse et al. 2007 ). Unfortunately, YoungPearse et al. did not look at the fate of Dab1 shRNA-electroporated migrating neurons beyond E19. Furthermore, there is evidence for species differences between rats and mice in cortical migration. For example, in mice, laminar dysplasia after knockdown of doublecortin was observed, whereas in rats subcortical band heterotropia was observed (Ramos et al. 2006) , quite similar to what we discovered in Dab1 shRNA-electroporated rats.
Second, we demonstrated that the number of in utero electroporated neurons in postmortem brain correlated to the in vivo bioluminescence signal at the age of 1 week allowing monitoring of IUE success with the IVIS Spectrum imager shortly after birth (Fig. 3A) . We earlier reported the possibility of detecting a bioluminescence signal up to P30 (Vomund et al. 2013 ), but did not validate these data with histological results. The present study, therefore, demonstrates for the first time a correlation of IVIS live imaging bioluminescence signal in 1-week-old living animals with the number of GFP-positive cells in brain sections of 6-month-old rats (Fig. 3A) , thus validating that in vivo bioluminescence detection for controlling IUE success is predictive of the number of electroporated neurons at 6 months of age. These finding indicate that it is possible to predict the adult amount of IUE cells correctly from perinatal bioluminescence imaging.
Third, the Dab1-silenced rats displayed several subtle behavioral abnormalities: they exhibited an increased sensitivity to an amphetamine challenge, akin to similar changes in the dopamine system that has been linked to schizophrenia (Seeman 2011) . They also exhibited more exploration/locomotion upon repeated testing in a familiar environment, indicative of deficient behavioral habituation or attention. The increase in locomotion was significantly correlated with more posterior localizations of the IUE-transfected areas (Fig. 5) .
Here, similar to other prenatal lesions, such as an unspecific immune activation (Vuillermot et al. 2010) , or genetic lesions (Niwa et al. 2010; Vomund et al. 2013) , the disruption of homeostasis of the dopamine system may be a converging point. The rats in utero electroporated with Dab1 shRNA exhibited an enhanced behavioral response to a low dose of amphetamine. Such an enhanced sensitivity to amphetamine challenge is indicative of a supersensitivity of the brain's dopamine receptors and is one of the most important models for schizophrenia (Seeman 2011) . Niwa et al. found that knockdown of DISC1 by IUE in cells of the prefrontal cortex of mice resulted in hypersensitivity to administration of methamphetamine in adult (P56) mice, consistent with a dysfunction of the dopaminergic system (Niwa et al. 2010 ). Unlike Niwa et al. (2010) , however, we found no evidence for impaired novel object recognition, nor deficits in any of the various learning/memory paradigms we examined, which could indicate different functions of the DISC1 versus reelin systems, or be a result of a lower extent of neuronal disruption evoked by unilateral electroporation in our preparation.
Finally, we expected to find behavioral changes in the electroporated rats akin to those reported with the full Dab1 knockout mouse, in which behavioral changes indicative of deficits in attention, learning and memory were present (Jacquelin et al. 2012) . However, we found no evidence for deficient memory for objects, for place memory or memory for temporal order. Neither did we find changes in spontaneous alternation in the T-maze, nor in working memory. The intact performance on these cognitive tasks may indicate a resiliency to the neuronal changes incurred by the in utero insult, but may also indicate that number of affected neurons were too small.
The lack of effect on various cognitive parameters may indicate a resilience of the brain to a short-lasting disruption of neuronal migration related to reelin. Resilience to early insult can also reflect redundancy in the neural circuits that underlie learning and memory processes, or it may suggest compensation for early disruption via functional neuronal reorganization/plasticity of neural/behavioral systems that are critical for survival. It should also be considered that our IUE was administered unilaterally, which may have prevented lasting behavioral disruption via compensatory processes as well as redundancy provided by the intact hemisphere. Of note, although the IUE was carried out unilaterally, the adult animal exhibited no signs of behavioral asymmetries which might be expected by a unilateral insult to the brain (data not shown), again suggesting robustness in the development of sensory-motor systems in face of early damage.
Although the unilateral electroporation did not lead to memory deficits in object recognition, object place recognition, and temporal-order memory and working memory, the results are suggestive of a deficit in behavioral habituation. A persistency in responding to a familiar environment can indicate an attenuated habituation to environmental stimulation (Cerbone and Sadile 1994) . This can, in turn, be a result of either 1) deficient attention to the environment, 2) deficient memory for a familiar set of stimuli, or 3) an overall higher responsiveness to the environment. A higher responsiveness, in turn, could be indicative of higher level of arousal, lack of inhibition and impulsiveness, which might all be expected in an animal exhibiting higher sensitivity to a dopaminergic stimulant, as the Dab1 shRNA animals displayed to the amphetamine challenge. Interestingly, an increase in behavioral responsiveness to amphetamine challenge along with deficient attention could indicate a schizophrenia-related phenotype, as would be predicted from an association study which links reelin signaling with schizophrenia (Verbrugghe et al. 2012) .
In summary, our data suggest that disruption of reelin signaling of a limited number of neurons during migration can have lasting neurological and subtle behavioral consequences in the adult animal. On the other hand, the lack of effect on various cognitive parameters (object recognition, spatial memory, temporalorder memory, working memory) suggests a resiliency of the brain to a short-lasting disruption of neuronal migration involving reelin pathways, which may either indicate redundancy in the neural systems that subserve cognitive functions, or robust ability of behavioral systems critical for survival to compensate for such disruption via functional neuronal reorganization.
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